background: Whole ovary cryopreservation has been suggested as a means to preserve fertility. In animal models, autologous cryopreserved ovary transplants frequently undergo thrombosis and a method to assess the vascular viability of cryopreserved ovaries would be valuable. We developed a staining method using methylthiazolyl blue tetrazolium (MTT, a metabolic marker) to assess the pedicle metabolism of whole ovaries vitrified using cryoprotectant called 'VS4'. methods: Whole sheep ovaries were perfused with MTT (1 g/l). In one group, ovarian tissue lesions were induced by immersing the ovarian pedicle in medium at 538C or 658C or in liquid nitrogen prior to MTT perfusion. In the second group, several metabolic substrates (D-glucose, L-glucose and pyruvic acid) and inhibitors [2-deoxy-D-glucose for D-glucose metabolism, azide for mitochondrial respiration and diphenyleneiodonium (DPI) for NADPH oxidase (an effector of the pentose phosphate pathway)] were added to the MTT stain. The third group was subjected to VS4 + vitrification/warming prior to MTT perfusion. Pedicle MTT staining was assessed qualitatively by histological examination of frozen sections or quantified at 564 nm after solubilization in alcohol.
Introduction
In the UK, 1 person in 750 is estimated to be a cancer survivor (Wallace et al., 2005) . Chemo/radiotherapy for cancer can induce premature ovarian failure and loss of fertility . To safeguard fertility, embryos, gametes or ovarian tissue can be cryopreserved before cancer treatment initiation (Donnez and Dolmans, 2009) . Considerable progress has been made in the field of ovarian tissue cryopreservation since the first successful pregnancies obtained in sheep using cryopreserved ovary fragments (Gosden et al., 1994) .The first human pregnancy, with a live birth, was reported in 2004 .
Cryopreservation can be achieved using either slow freezing or vitrification. Slow freezing involves controlling the adverse effects of the osmotic changes and dehydration induced by ice crystallization by lowering the temperature slowly and using a moderately concentrated cryoprotectant. Vitrification aims to avoid ice crystal formation by rapidly cooling the tissues and using high but potentially toxic concentrations of cryoprotectants (Karlsson and Toner, 1996) .
According to the Ethics Committee of the American Society for Reproductive Medicine (2005) , IVF followed by embryo cryopreservation is the only established method for preserving the fertility of young women with cancer. However, this method is not always feasible, particularly when the patient is prepubertal, the disease is hormone sensitive or emergency cancer treatment is required. In these situations, cryopreservation of ovarian tissue may be a valid alternative. Transplantation of cryopreserved ovarian cortex was successful in restoring fertility to 12 cancer patients, who had 15 live born children (Donnez and Dolmans, 2011) . Slow freezing was used, and the ovarian tissue was grafted without vascular anastomosis. However, the lifespan of such transplants is short, in part due to the ischaemic stress associated with the need for neoangiogenesis . Cryopreservation of ovaries with their vascular pedicles would be helpful to prevent post-transplantation ischaemia.
Many studies of whole cryopreserved ovarian transplants have been conducted in sheep, as sheep ovaries resemble human ovaries in terms of their size and fibrous structure (Gosden et al., 1994) . Although in vitro studies suggest that slow freezing of whole ovaries may maintain follicular survival (Bedaiwy et al., 2006; Martinez-Madrid et al., 2007; Onions et al., 2008; Wallin et al., 2009) , adverse effects of this method may include endothelial disruption (Onions et al., 2008) and abnormalities in follicular metabolism as assessed in vitro on perfused ovaries (Wallin et al., 2009) . Microvascular reanastomosis of slow-frozen sheep ovaries (Bedaiwy et al., 2003; Revel et al., 2004; Arav et al., 2005; Imhof et al., 2006; Bedaiwy and Falcone, 2007; Grazul-Bilska et al., 2008) was often associated with thrombosis (Bedaiwy et al., 2003; Revel et al., 2004; Arav et al., 2005; Imhof et al., 2006; Bedaiwy and Falcone, 2007) and poor functional outcomes (Grazul-Bilska et al., 2008; Onions et al., 2009) , and we are aware of only one reported pregnancy in a ewe with this method (Imhof et al., 2006) , although two new lamb births obtained recently in our laboratory are described in a submitted manuscript. Besides being poorly effective for fertility preservation, the technique could potentially lead to the reintroduction of malignant cells to a cured patient. When adding the potential risk of entire organ loss due to a transplantation failure, the future of such a technique in the preservation of the fertility is uncertain.
Blood vessels seem highly sensitive to freezing (Pascual et al., 2005) and may be better preserved with vitrification. Moreover, slow freezing protocols are based on an efficient but not toxic cellular concentration of cryoprotectant. This concentration depends on the permeability of the cells to cryprotectant and may not be achieved for every cell type in an organ, possibly leading to ice injuries in certain types of cells. Vitrification methods are less dependent on cell permeability and could be a credible alternative for organ cryopreservation. Indeed, vitrified whole rabbit kidneys recovered their function when implanted back into the animals (Fahy et al., 2009) . The cryoprotectant solution VS4 has been found effective in preventing ice crystal formation in vitrified whole-ovary pedicles (Baudot et al., 2007) . However, re-implantation of VS4-vitrified whole ovaries has produced poor outcomes (Courbiere et al., 2009) , and the vascular toxicity of VS4 has not been fully investigated. A marker for assessing the viability of cryopreserved whole ovaries would be helpful. Methylthiazolyl blue tetrazolium bromide (MTT) is a promising candidate for assessing vascular viability.
The MTT assay is a classic colorimetric assay used to evaluate the metabolic effects of potentially cytotoxic drugs on cultured cells. During this test, the yellow water-soluble compound MTT is reduced to water-insoluble blue-purple formazan by a dehydrogenase produced by metabolically active cells. The reaction requires the presence of hydroxide and NADPH, H+ or NADH, H+ (Berridge et al., 2005) .
The aim of the present study was to validate MTT as a metabolic marker for assessing the viability of the ovarian vascular pedicle of VS4-vitrified whole sheep ovaries. We studied the impact of physically induced tissue lesions and of various metabolic substrates and inhibitors on MTT staining. Then, we compared MTT staining of VS4-exposed ovaries, with or without subsequent vitrification and warming, with that of controls.
Materials and Methods

MTT staining
All chemicals were from Sigma Aldrich (Lyon, France), unless otherwise specified.
Perfusion medium
We used modified Krebs-Henseleit buffer which contains 1.17 mM MgSO 4 , 1.18 mM KH 2 PO 4 , 4.69 mMKCl (Merck, Darmstadt, Germany), 118.07 mM NaCl, 2.54 mM CaCl 2 and 5.00 mM HEPES adjusted to pH 7.4 + 0.05 with 1.87 mM NaOH. Medium osmolarity was calculated at 307.8 mosmol/l. Osmolarity was kept constant across experiments by adding sodium chloride if needed.
Collection and preparation of whole ovaries with their vascular pedicles
Entire sheep reproductive tracts with the ovarian vasculature starting at the origin of the ovarian artery at the dorsal aorta were collected from 6-month-old lambs at the local slaughterhouse, placed in a modified Krebs-Henseleit Buffer, transported to the laboratory and kept at 108C. The ovaries were isolated one by one. The meso ovarium was carefully removed. After complete connective tissue removal, subsidiary blood vessels (usually two per ovarian pedicle) were ligated at their origin, using nylon sutures (6-0 Prolene; Ethicon, Issy Les Moulineaux, France), to prevent any arterial leak. The ovarian artery was cannulated using a 24-G catheter (BD Insyte; BD, Le Pont de Claix, France), which was secured using nylon sutures. The ovary [mean weight: 1.9 g; 95% CI (1.86; 1.96)] was then rinsed for 1 min with 1 ml of 20 IU/ml heparinized saline (Héparine Choay; Sanofi, Paris, France) to verify the absence of leakage and to remove macroscopically visible blood from the blood vessels. The final preparation was composed only of the ovary with its isolated artery and vein. The preparation was preserved at 108C in a modified Krebs-Henseleit Buffer until four ovaries were available when the experiments were started. The stability of quantitative MTT staining with various times from ovary collection to perfusion was checked. Two experimental sessions, each using four ovaries, were conducted every day. The ovaries were perfused using a four-channel Minipuls 2 Peristaltic Pump (Gilson, Villiers Le Bel, France), at 0.35 ml/min, as described previously (Courbiere et al., 2006 (Courbiere et al., , 2009 ).
Exposure to MTT
The ovaries were immersed in 10 ml of pre-heated modified Krebs-Henseleit Buffer and perfused for 2 h, at 398C (normal sheep body temperature), with a modified Krebs-Henseleit Buffer supplemented with 20 IU/ml heparin (Héparine Choay), 1 g/l MTT (Interchim, Montluçon, France) and other specific compounds needed for each experiment.
Evaluation of MTT staining
The catheter and subsidiary blood vessels with their ligature were excised at their base from each MTT-stained whole ovary. The remaining peritoneum (coloured a deep dark blue) adhering to the ovarian pedicle was removed, leaving only properly perfused vascular tissue for analysis. The ovarian pedicle was sectioned at the ovarian hilum and cut into three parts. The ovary was cut in half sagittally.
Spectroscopy was used to quantify MTT staining. The distal part of the stained pedicle (near the hilum) was placed in 10 ml of absolute ethanol (Hexalab, Saint Fons, France) , and the dye was allowed to dissolve at room temperature for 1 day. After air drying, the pedicle fragment was weighed on a balance (H10, Mettler, Viroflay, France, d ¼ 0.1 mg). The coloured alcohol was diluted 1/10, and its optical density (OD) was measured at 564 nm in a Hellma visible wavelength spectrum cell of 1 cm in length (Hellma Analytics, Paris, France) using an UU-1700 PharmaSpec adjustable spectrometer (Shimadzu, Champs-sur-Marne, France). Under our condition, coloured alcohol absorbance was greatest at this wavelength. Results were expressed as log(OD)/mg.
Histology was performed to qualitatively assess MTT staining. Half of the ovary and the middle segment of the ovarian pedicle were placed in individual Tissue-Tek cryomolds filled with OCT Tissue-Tek then frozen in liquid nitrogen-cooled iso-pentane (all from Interchim). Frozen sections of 4 mm in thickness were cut using a cryostat (CM850; Leica Microsystems, Nanterre, France) and laid on SuperFrost/Plus slides (MenzelGlaser, Braunschweig, Germany). After air drying for 30 min at room temperature, the slides were fixed for 30 s in pH 7.4 buffered 10% formalin (Carl Roth, Lauterbourg, France) and mounted using Fluoromount (Interchim).
Experimental design
Effect of physically induced tissue lesions on MTT staining Figure 1 depicts the experimental design. Ovaries (10 per condition) were immersed for 1 min in liquid nitrogen or in a modified Krebs-Henseleit Buffer at 538C or 658C then allowed to recover at room temperature. The ovaries were then perfused with MTT and 10 mM D-glucose. Control ovaries (10 per condition) were exposed to MTT in the same way but were not previously exposed to physical injury. One ovary from each lamb was allocated to the study group and the other to the control group.
Effect of metabolic substrates or inhibitors on MTT staining
To assess the effect of D-glucose metabolism, ovaries (10 per condition) were exposed to MTT and 5 mM D-glucose or 5 mM D-glucose plus 15 mM 2-deoxy-D-glucose (Interchim) or 5 mM L-glucose (Interchim), or NaCl for osmotic counterbalance. The ovaries from each pair were distributed equally among the experimental conditions. Two experiments were conducted to assess the impact of mitochondrial metabolism. First, ovaries (10 per condition) were exposed to Vascular viability of vitrified whole ovaries MTT with or without 5 mM D-glucose and/or 10 mM sodium pyruvate, according to a 2 × 2 factorial design. Second, using the same 2 × 2 factorial design, ovaries (10 per condition) were exposed to MTT with or without 10 mM D-glucose and/or 300 mM sodium azide. For each pair of ovaries, one ovary was exposed to a metabolic modulator (sodium pyruvate or sodium azide) and the other was not, the whole pair being exposed or not to D-glucose. To assess the impact of pentose-phosphate metabolism, ovaries (10 per condition) were exposed to MTT with or without 5 mM of D-glucose and/ or 10 mM of diphenyleneiodonium chloride (DPI; Cayman, Tallinn, Estonia) in 0.3‰ (v/v) pure dimethyl sulphoxide (DMSO), using a design with two crossed factors. DPI inhibits NADPH, H + oxidase, one of the effector enzymes of the pentose phosphate pathway. The same amount of DMSO was added to the controls. For each pair of ovaries, one ovary was exposed to DPI and the other was not, the whole pair being exposed or not to D-glucose.
Effect of VS4 exposure or VS4 vitrification on MTT staining
The VS4 exposure + vitrification procedure was too lengthy to allow two successive experiments in the same day. Consequently, only two pairs of ovaries were studied per day, i.e. two exposed ovaries and their perfused controls. Ovaries from 20 pairs were allocated to either VS4 exposure and rinsing (study groups) or modified Krebs-Henseleit Buffer perfusion with 20 IU/ml of heparin, at room temperature, for the same amount of time (control groups). Ten of the VS4-exposed ovaries were subjected to vitrification/thawing between VS4 exposure and rinsing. For the VS4 exposure and rinsing protocol, ovaries were exposed to VS4 cryoprotectants as previously described (Courbiere et al., 2005 (Courbiere et al., , 2006 Baudot et al., 2007) . Ovaries were immersed and perfused with10 ml of a carrier solution called 'RPS-1' [10 mM NaCl, 28.3 mM KCl (Merck), 0.4 mM MgCl 2 , 0.05 mM CaCl 2 , 7.2 mM K 2 HPO 4 (Merck), 180 mM dextrose, 5 mM reduced L-glutathione (Cayman) and 1 mM adenine (Amresco, Solon, OH, USA)] containing DMSO, formamide (Fluka, Lyon, France) and propylene glycol, in four steps of increasing concentration [12.5% for 5 min at room temperature (RT), 25% for 5 min at RT, 50% for 15 min at 48C, up to maximum concentrations (100%) of 2.75, 2.76 and 1.97 M, respectively, at 48C for the final 15 min]. For removal of cryoprotectant, the ovaries were immersed and perfused at RT with 10 ml of solution through three steps of 5 min and of decreasing concentrations of cryoprotectant (50, 25 and 12.5%) and mannitol (0.3, 0.1 and 0.1 M; CDM Lavoisier, Paris, France), followed by a washout with BM1 medium (Eurobio, Les Ulis, France). The ovaries were then perfused with MTT and 10 mM of D-glucose. For VS4 vitrification/warming, 10 VS4-exposed whole ovaries were transferred individually and sealed into ethyl vinyl acetate cryobags (Macropharma, Mouvaux, France) containing 10 ml of 100% VS4, avoiding the formation of air bubbles. Vitrification was achieved by horizontal immersion into liquid nitrogen, in which the bags were held until warming was started; the minimum immersion time was 15 min. The vitrified ovaries were then slowly rewarmed by natural convection in liquid nitrogen vapours up to 21338C (nearly approaching the presumed vitreous transition temperature of VS4-exposed tissue (Courbiere, et al., 2006; Baudot et al., 2007) . The ovaries were then quickly rewarmed by conduction and forced convection, in a 458C water bath, until the ovary temperature rose to 258C, when the ovaries were placed on a bed of crushed ice for cryoprotectant removal. The study and control ovaries from a same pair were simultaneously perfused with MTT and 10 mM of D-glucose.
Statistics
Data were analysed using Stata version 11.0 (Stata Corp., College Station, TX, USA). Means and 95% confidence intervals (95% CIs) were used as the measures of central tendency and variability, respectively. Normality of quantitative MTT staining was assessed on 65 control ovaries (perfused with MTT and 10 mM of D-glucose, with no other intervention; 40 from previously described experiments and 25 from other experiments), using skewness/kurtosis tests. Quantitative comparisons between the various glucose analogues and antagonists (D or L-glucose, 2-deoxy-D-glucose, NaCl) were assessed using the Newman-Keuls test. The impact of mitochondrial respiration and the pentose phosphate pathway on MTT staining (sodium pyruvate, sodium azide and DPI experiments) was analysed using 2 × 2 factorial design ANOVA. The effects of tissue lesions or VS4 exposure or vitrification were analysed using the Mann -Whitney test or Student's t-test as appropriate.
Results
Perfusion
Each of the 285 ovaries studied was successfully perfused, with blood flowing through the vein when rinsing the ovary and no leakage from accessory vessels.
Characterization of MTT staining in controls
Macroscopically, the MTT-perfused ovarian vascular pedicles took on a deep blue-purple colour.
Microscopically, MTT staining formed small dark blue grains spread over the surface of stained structures and appeared stable for at least 1 week. As shown in control ovary cryosections (Fig. 2) , MTT strongly and reproducibly stained (or co-localized with) the vascular smooth muscle of the ovarian pedicle. The ovarian and pedicle stroma showed fainter and more heterogeneous staining, which predominated in structures consistent with microvessels.
As the skewness/kurtosis tests did not reject the normality hypothesis (P ¼ 0.79), quantitative MTT staining was considered normally distributed. Under the control conditions on 65 ovaries (i.e. MTT perfused with 10 mM of D-glucose), mean quantitative pedicle staining was 0.0210 log(OD)/mg (95% CI: 0.0199-0.0221).
Effect of physically induced tissue lesions on MTT staining
Immersion in medium at 538C or 658C or in liquid nitrogen significantly and dose dependently diminished quantitative MTT staining by 48% (95CI: 41255%), 94% (95CI: 91296%) and 94% (95 CI: 93295%), respectively (Fig. 3) . Thus, heating, which causes protein denaturation, or very fast cooling, which damages the cell membranes, markedly decreased MTT staining, demonstrating that MTT staining reflects changes in viability.
Metabolism and MTT staining D-glucose metabolism
When 2-deoxy-D-glucose, a competitive inhibitor of D-glucose metabolism (concentration ratio, 3-1) was added or when D-glucose was replaced by saline or by its unmetabolized enantiomer L-glucose, MTT staining decreased significantly, by 29, 44.7 and 44.2%, respectively (Fig. 4A) . MTT staining thus appeared partially dependent on D-glucose metabolism (Morgan and Faik, 1981) .
Mitochondrial metabolism
The results of the sodium pyruvate and sodium azide supplementation experiments (Figs 4B and 3C, respectively) indicated no interaction between D-glucose and these two compounds: adding D-glucose did not change the effect of sodium pyruvate or of sodium azide. In both experiments, the absence of D-glucose decreased the intensity of MTT staining by 40.2% (sodium pyruvate experiments) and 44.3% (sodium azide experiments). Adding sodium pyruvate resulted in a limited but statistically significant increase of 15.6% (95 CI: 4.4228.8%) in MTT staining, which thus fell far short of compensating for the decrease induced by D-glucose deprivation. Adding sodium azide had no statistically significant effect on MTT staining.
Pentose phosphate metabolism
The effect of DPI on MTT staining was not influenced by the presence or absence of D-glucose, indicating that no interaction occurred between these compounds. Absence of D-glucose was associated with a significant 50.7% reduction in MTT staining (Fig. 4D) . Adding DPI significantly decreased MTT staining by 25.3% (95CI: 14.8235.8%).
MTT staining and VS4 exposure or vitrification
Pedicles from whole ovaries consistently showed evidence of complete vitrification, with the same appearance as native pedicles surrounded by translucent medium, whereas frozen areas were consistently visible in the ovarian cortex as white opaque patches (Fig. 5A) . The vitrified cryoprotectant solution surrounding the ovary also constantly developed fractures, predominating around the ovarian cortex and the plastic catheter. These cracks gradually and extensively spread to the whole vitrified cryoprotectant solution, as the ovary was slowly warmed by natural convection in liquid nitrogen vapours. During the subsequent rapid warming, ice seeding from the ovarian cortex area invaded the fully VS4-vitrified pedicles of all the specimens [rewarming phase crystallization (RPC), Fig. 5B ]. The exact nucleation origin, either cracks or the frozen zones of the ovarian cortex could not be determined. Despite temperature control during thawing, 1 in 10 vitrified ovarian pedicles fractured. The fracture was proximal and apparently confined to the veins, allowing rinsing and MTT staining according to the protocol. However, the fractured pedicle showed significantly less MTT staining compared Vascular viability of vitrified whole ovaries with the nine apparently intact vitrified pedicles (0.0103 log(DO)/mg; 95% CI: 0.0111-0.0177; P , 0.05).
Staining of VS4-exposed and rinsed whole ovarian pedicles showed no significant qualitative or quantitative differences compared with the corresponding controls. Pedicles from VS4-vitrified whole ovaries showed a significant reduction in quantitative MTT staining (Fig. 5C) , of 29.9% (95% CI: 10.9248.9%) when analysing all 10 pedicles including the fractured one and of 29.8% (P , 0.001) when excluding it. Histological analysis of frozen sections of VS4-vitrified whole ovaries identified well-demarcated unstained patches scattered over the surface of the stained vessels, each being centred by a vessel lumen. These foci were seen on vessels from both the pedicle and the stroma of the ovaries (Fig. 5E ).
Discussion
In this study, perfused MTT strongly and reproducibly stained the vascular smooth muscle cells of the ovarian pedicle. Tissue injury induced by physical insults dose dependently diminished MTT staining, demonstrating that MTT can serve as a viability marker for the ovarian pedicle. MTT staining was partially dependent on D-glucose metabolism and on the pentose phosphate pathway, whereas mitochondrial respiration modulators had no effect. According to MTT staining results, VS4 exposure had no adverse effect on pedicle vascular metabolism, whereas warming of VS4-vitrified ovarian pedicles resulted in ice crystallization with impaired vascular viability.
The site of MTT metabolism and precipitation deserves discussion. Although Wang et al. (1998) incubated rat thoracic aorta rings in nitro blue tetrazolium, a staining agent analogous to MTT, and found blue deposits located mainly in the adventitia, the vessel type and dye were different and the dye was not perfused. The MTT assay has been widely used in published studies to assess the viability or proliferation of smooth muscle cells (Li et al., 2010) . A histological pattern identical to that described in the present study has been previously reported in MTT-stained cultured cells (Berridge et al., 1995; Liu et al., 1997) . Although MTT was present only in the perfusion medium, MTT staining also involved extravascular structures such as the ovarian surface and mesoovarium remnants adhering to the ovarian pedicle. Extravascular MTT staining was probably related to the release of unreacted MTT from the ovarian vein into the immersion medium. In preliminary studies (data not shown), 1 g/l of MTT produced nearly the maximal quantitative level of MTT staining, suggesting the release of unreacted MTT through the vein. Another study showed a linear relationship between the MTT perfusion time and quantitative staining, up to 2.5 h (data not shown). Our conditions thus ensured that observed variations in MTT staining were related to changes in cell viability or metabolism rather than to unavailability or toxicity of the MTT.
MTT staining was partially dependant on D-glucose metabolism in our study. The metabolic pathways involved in MTT staining require discussion. An equivalent concentration of sodium pyruvate failed to correct the decrease in MTT staining induced by D-glucose deprivation. However, this mitochondrial substrate, commonly included in culture media (Gardner et al., 2000) , can enter the cell, as suggested by the limited but significant increase in MTT staining observed in the present study, when both sodium pyruvate and D-glucose were present. Such a metabolic synergy between these two substrates has already been described for cultured cells (Knott et al., 2005) and attributed to oxidant scavenger properties of sodium pyruvate (Mallet and Sun, 2003) . Moreover, 300 mM of sodium azide failed to significantly affect MTT staining, whereas, at that dose, this diffusible inhibitor of the mitochondrial electron transport chain complex VI . Note the complete pedicle vitrification (A, arrowhead) compared with the ovarian cortex, which shows frozen areas (A, arrow). Note also the cracks of the vitrified cryoprotectant medium surrounding the whole ovary, predominating around the ovarian cortex and in contact with the yellow plastic catheter, at the right side of the picture. Warming induced ice crystallization, which seeded from the ovarian cortex area, invading the entire ovary (B), turning the medium into an opaque white. These pictures are representative of 10 ovaries. (C) Quantitative measurement of MTT staining of VS4-exposed or VS4-vitrified ovarian pedicles. Rewarming phase crystallization following VS4 vitrification disturbed pedicle viability/metabolism, whereas VS4 exposure alone had no effect. Bars represent the 95% CI. (D) and (E) Four-micrometer frozen sections of VS4-exposed (D) or VS4-vitrified (E) pedicles. Note the unstained foci (arrows) in the VS4-vitrified pedicles. These pictures are representative of 10 VS4-exposed and 10 VS4-vitrified whole ovaries. Magnification ×25.
Vascular viability of vitrified whole ovaries (Liu et al., 1997 ) is supposed to affect vessel physiology (Mian and Martin, 1995) without causing cell death. Taken together, our results suggest the involvement of extramitochondrial metabolic pathways. However, this statement should be considered with caution as our experiments lack an index of mitochondrial activity to confirm that pyruvate and azide did reach the vascular mitochondria. Moreover, MTT is known to be an optimistic marker of cell viability, compared with neutral red (Borenfreund et al., 1988) trypan blue, ATP and DNA determinations (Wang et al., 2010) . Partially active mitochondria could thus normally reduce MTT in spite of inhibition or damage. Consequently, the apparent total independence of MTT staining from mitochondrial activity, suggested by the present study, could be the consequence of technical limits rather than being a biological reality. However, the mitochondrial dependence of MTT staining is still a matter of debate. Since early experiments involving the Complex II in the MTT staining (Slater et al., 1963) or using MTT to measure mitochondrial membrane potential (Reungpatthanaphong et al., 2003) , a premature conclusion was reached, still perpetrated in the literature today, that mitochondria are the unique site of MTT reduction. However, mitochondrial inhibitors [azide, rotenone and thenoyltrifluoroacetone (TTFA)] had no effect on MTT signal, whereas they strongly inhibited the ATP-intensive process of DNA synthesis (Berridge and Tan, 1993 . Moreover, studies using subcellular fractioning or confocal imaging supported a widely distributed capacity of MTT reduction throughout the cell. Finally, cells deficient in mitochondrial respiration (143B r8, HL60 r8, HeLa r8, P815 r8) have been shown to reduce MTT comparably to wildtype cells (ratio varying between 0.4 and 1.05; Liu, et al., 1997; Berridge et al., 2005) . Our present findings are consistent with the above evidence and support a significant contribution of nonmitochondrial MTT reduction to the overall cellular reduction.
If D-glucose-dependent MTT staining is in part not related to mitochondrial activity, an alternative non-energetic part of D-glucose metabolism is presumably involved. We partially confirmed this hypothesis using DPI, an inhibitor of NADPH, H + oxidase, which requires electrons from the pentose phosphate pathway and is thus one of its effectors. Although not fully specific (Aldieri et al., 2008) , DPI remains largely used as an inhibitor of NADPH, H + oxidase (Wang et al., 1998) . Even though the observed inhibition of MTT staining by 10 mM DPI was limited, this DPI dose was perhaps too small to induce full inhibition. Its dissociation constant (K i ) is 5.6 mM for isolated neutrophils (O'Donnell et al., 1993) and is probably even higher for whole-organ cohesive cells, which are probably less sensitive. However, at a higher concentration, DPI precipitated with the modified Krebs-Henseleit Buffer medium. Although a few studies found full inhibition with DPI 10 mM on isolated cells (Patterson et al., 1999) , most authors used 50 mM (Liu et al., 1997) . Therefore, the apparently limited inhibitory effect of the low DPI dose used in our study is consistent with a strong role for NADPH, H + oxidase activity in MTT metabolism.
As adding 2-deoxy-D-glucose in the absence of D-glucose did not decrease MTT staining (data not shown), the basal level of staining was probably dependent neither on gluconeogenesis nor on proteolysis (which requires D-glucose neosynthesis). Moreover, these metabolic pathways are normally active in hepatic tissues rather than vascular tissues. The most likely hypothesis for explaining D-glucose-independent MTT staining therefore involves a reaction with superoxide anions, as suggested for cultured cells (Burdon et al., 1993) . Nitro blue tetrazolium, a staining agent analogous to MTT, is widely used to measure superoxide production in cell cultures (Anderson and Deinard 1974; Patterson, et al., 1999) . Moreover, the ability of DPI to inhibit stimulated and basal MTT staining in our study suggests at least partial involvement of NADPH, H + oxidase, which is responsible for superoxide production. However, the main D-glucose-independent sources of these putative superoxide anions remain unknown. Hypotheses include xanthine oxidase activity, nitric oxide from nitric oxide synthase and NADPH, H + from cellular reserves. Although ovaries seemed regularly perfused, VS4 exposure did not lead to acceptable vitrification, as massive RPC occurred in all studied ovaries. Crystal formation apparently started in the ovarian cortex area, which then seeded the rest of the ovary. This phenomenon has been reported previously during whole ovary vitrification using VS4 (Baudot et al., 2007) , whereas it was not reported after rabbit kidney vitrification using M22, another cryoprotectant solution of 9.3 M concentration (Fahy et al., 2009) . Moreover, functional recovery did not occur for VS4-vitrified/warmed ovaries (Courbiere et al., 2009) , whereasM22-vitrified/warmed kidneys recovered their function when implanted back into the donor animals (Fahy et al., 2009) . A question could rise regarding the adequacy of the VS4 vitrification protocol for ewe whole ovary, potentially leading to RPC. Indeed VS4 was initially developed for larger size organ vitrification, although having being tested with rabbit kidney (Kheirabadi and Fahy, 2000) , whose weight ( 10 g) is in the same order of magnitude than ewe ovary (2 g). Moreover, this solution was initially described to vitrify at 1000 atmospheres of hydrostatic pressure, when cooled at 108C/min (Fahy and Ali, 1997; Kheirabadi and Fahy, 2000) . However, recent converging data obtained with differential scanning calorimetry showed that VS4 can vitrify at atmospheric pressure, with a critical cooling rates between 11.7 and 14.38C/min, a critical warming rate of 3408C/min and a vitrous transition temperature between 2124.38C and 2125.28C (Courbiere et al., 2006; Baudot et al., 2007) . The great discrepancy between critical cooling and warming rate could be due in part to cracks leading to devitrification. Both cracks and frozen zones, present in our vitrified ovaries, can induce RPC and should be avoided. According to Rabin et al. (2005) , cracks of vitrified liquids appear as a complex multifactor phenomenon dependant on the nature and the volume of the cryoprotectant solution, the nature of the cooling surface and the cooling rate . Pegg et al. (1997) also involved the warming rate. Besides, the behavior of a system in which a biological sample (with different thermal expansion properties) has been added into the vitrification solutions could even be more complex (Steif et al., 2009) . Rabin et al. also reported cracks evens with an exceptionally slow cooling rate of ,18C/min suggesting that crack avoidance may require the improvement of more than one limiting factor.
The presence of unvitrified foci in the cortex of VS4-vitrified whole ovaries is consistent with calorimetric data (Baudot et al., 2007) . In this previous study, complete vitrification was obtained for the ovarian pedicle but not for the ovarian tissue (Courbiere et al., 2009) . However, this calorimetric study was carried out on isolated pedicle and cortex samples. Consequently, it could not assess the potential adverse effects of cortical ice crystals acting as triggers of recrystallization in the whole vitrified pedicle during warming. In our study, MTT staining was decreased in vitrified/thawed pedicles that looked completely vitrified but nevertheless underwent ice crystallization during thawing. As this crystal formation occurred in all ovaries, we could not prove that it affected pedicle viability or metabolism, as suggested by the decreased MTT staining, and neither could we prove that unvitrified cortical zones were responsible for the crystallization. Be that as it may, improving vitrification in the ovarian cortex would be valuable for fertility cryopreservation, even if it does not warrant the absence of RPC.
The periluminal location of the unstained areas strongly suggested an adverse effect of ice crystallization on pedicle viability and therefore on MTT staining, as crystal formation usually started in the vessel lumen and spreads subsequently (Karlsson and Toner, 1996) . Nevertheless, VS4 exposure without vitrification was not associated with MTT staining disturbance, indicating a role for the vitrification process. That cryopreservation protocols which adversely affect vessel physiology has been demonstrated in large vessels, mainly using mechanical measurements of isometric contractility to acetylcholine (Song et al., 1995; Esther Rendal Vazquez et al., 2004) . This technique was not feasible in our study, as the diameter of the pedicle arteries was too small. In vitro studies of the vessels of cryopreserved whole ovaries showed normal histology (Courbiere et al., 2005 (Courbiere et al., , 2006 Bedaiwy et al., 2006; Baudot et al., 2007; Onions et al., 2008) or ultrastructure , normal CD 34 protein expression (Bedaiwy et al., 2006) , normal apoptosis (Martinez-Madrid et al., 2007) and normal membrane integrity . However, these static markers were always investigated immediately after warming and, consequently, any delayed lesions would have been missed. Assessments of the viability of vessels of cryopreserved whole ovaries after re-implantation showed normal expression of factor VIII (Arav et al., 2005) but also partial transmural vessel necrosis (Bedaiwy et al., 2003) . MTT staining may provide an accurate assessment of vessel viability of cryopreserved whole ovaries, without requiring the long, expensive and animal-consuming step of re-implantation. However, as we remarked previously, MTT is an optimistic viability marker which will be relevant for badly damaged organs improper for being transplanted back, but would not necessarily predict the transplantation outcome of normally stained organs. Other viability markers such as substrate for esterase activity (calcein AM), nucleic acid stains (ethidium bromide), mitochondrial membrane potential markers (mitochondrion-selective rhodamine 123), or glucose uptake markers (2-NBD-deoxyglucose) could be relevant alternatives for whole organ viability assessment. However, contrary to MTT, their cost and the difficultness of their extraction for quantitative assay would definitively be an obstacle to their use. On the other hand, an evolution of the above-described protocol could use new water-soluble tetrazolium dyes with two major advantages: assessing the whole vascular tissue of the cultured organ and keeping it for further transplantation if the test is positive.
Given the periluminal distribution of the vascular lesions induced by VS4 vitrification, concern has emerged about probable marked adverse effects of this preservation method on endothelial viability and vessel physiology. Endothelial damage has been documented using scanning electron microscopy (Pascual et al., 2004) to assess large arteries subjected to slow-freezing cryopreservation, a finding that suggests limited long-term preservation of vascular allografts (Pascual et al., 2005) . In our study, the vessels were injured by a whole-ovary VS4-vitrification/warming process resulting in RPC, and the lesions involved vessels located in the pedicle or ovarian stroma, including the subcortical part of the ovary. These vessel injuries defeat the purpose of whole ovary cryopreservation/warming, which is to allow immediate restoration of the systemic vascularization of the organ upon implantation back into the donor. Although we did not obtain definitive proof that the vascular damage would lead to poor functional outcomes, our findings suggest a risk of thrombosis (Wu and Thiagarajan, 1996) , arterial aneurysm, abnormal vessel permeability and/or altered vessel physiology with an inability to regulate vascularization after re-implantation. Such effects might explain the poor fertility outcomes in an in vivo study of VS4-vitrified whole sheep ovaries (Courbiere et al., 2009) , as they may have been added to the organ injuries induced by ovary retrieval and re-implantation. Fresh ovary transposition has been associated with a decrease in the follicular density consistent with preserved fertility (Courbiere et al., 2009) . Additional lesions induced by ice crystallization in the ovarian pedicle and stroma during warming after VS4-vitrification, however, may prevent the restoration of fertility. Warming appears to be a critical phase of the vitrification protocol, as any crack or imperfectly vitrified foci may result in RPC, impairing zones that were initially completely vitrified. These results make all the more unlikely a potential use of ovarian autotransplantation for fertility preservation in human, as malignant cells reintroduction or organ loss is possible. Therefore, if whole organ function is to be restored, RPC must be completely eliminated during the warming phase. In this regard, MTT, which is a new qualitative and quantitative marker for vascular metabolism, will permit accurate comparisons among whole-organ cryoprotection protocols.
